INTRODUCTION {#s1}
============

*In vivo* biomedical imaging techniques have been constantly evolving, with both new methods being developed as well as significant improvements made to existing technology. In the latter case in particular, it is worth reflecting whether these advances can lead to the ability to discern aspects of human anatomy that have previously been either unobserved or only observable in *ex vivo* preparations. As an example of this, we examine the details of the human corpus callosum (CC).

The CC is the major white matter fibre tract connecting the cerebral hemispheres of vertebrate brains. It has a clear role in interhemispheric communication, carrying the overwhelming majority of interhemispheric communications. It is a unique and heavily myelinated structure. Dissection, histological staining and diffusion MRI confirm that the predominant fibre orientation within this structure is transverse.

In histological sections of human fetal CC,^[@b1],[@b2]^ a modular structure involving transient septa has been observed. This suggests an importance of these structures in normal brain development. As yet, these structures have not been appreciated and their importance has been overlooked clinically, despite evidence that the CC continues to develop through adulthood.^[@b3]--[@b6]^ This is perhaps because, at clinical field strengths, MRI (as well as other anatomic imaging modalities such as CT and positron emission tomography) shows no finer structure within the CC. Human brain studies of the modularity of the CC have so far revealed only gross distinctions along the anteroposterior axis, between segments connecting homologous brain areas. In particular, Hofer and Frahm^[@b7]^ have used diffusion tensor imaging (DTI) to segment the CC using four vertical partitions, relative to the connections between specific cortical areas. They mention, however, that their mapping of parietal, temporal and occipital fibre bundles overlap, and these are therefore all grouped together into a fifth, most posterior segment. Other groups have attempted to differentiate regions of the CC based on measurements of axonal diameter.^[@b8]--[@b10]^

Keeping the septa described above in mind, a review of older, hand-drawn atlases reveals that the CC is frequently depicted in sagittal section with its volume shaded with radial lines. [Figure 1](#f1){ref-type="fig"} shows four representative atlases, those of d\'Azyr from 1786,^[@b11]^ Bell from 1802,^[@b12]^ Dejerine and Dejerine-Klumpke from 1895^[@b13]^ and Gray from 1918.^[@b14]^

![Four representative figures from historical, drawn atlases: upper left---d\'Azyr (1786),^[@b11]^ upper right---Bell^[@b12]^ (1802), lower left---Dejerine and Dejerine-Klumpke (1895)^[@b13]^ and lower right---Gray (1918).^[@b14]^ Of note is the consistent depiction of the corpus callosum, which is shaded using radial lines in every case (insets at centre). While this might be considered as artistic licence, the repetitive use of the same shading motif over more than a century is remarkable. Comparison with *in vivo* atlases such as those shown in [Figure 2](#f2){ref-type="fig"} removes all doubt that these shadings are related to structures observed by the anatomists at the time that the atlases were created.](bjr.20160906.g001){#f1}

When photographic brain atlases such as Schaltenbrand and Wahren^[@b15]^ are examined, a finer structure can also be observed. On sagittal sections, a faint pattern of radial lines can be seen on the CC. These faint lines might initially be assumed to be from microvasculature. However, examination of the coronal sections from this same reference shows such lines also in the anterior and posterior sections of the CC, where they run horizontally. Unfortunately, the absence in this atlas of transverse sections at this level prevents complete visualization of these structures. Even more strikingly, preparations of *ex vivo* samples designed to separate fibre bundles, such as those shown in the atlas of Ludwig and Klingler,^[@b16]^ show distinctly that there is an arrangement of flat sheets, containing nerve fibre bundles, which are stacked in the anteroposterior direction. A clear example of this is show in tabula 71 from this atlas, which is reproduced as [Figure 2](#f2){ref-type="fig"} alongside 7.0-T MR images acquired with the same protocol that will be used in this study. The radially arranged, laminar structure of the CC is well presented in this photograph of a prepared brain. (As will be detailed later, a similar pattern is seen on the MR images.) It is thus clear that the depiction of radial lines on the early drawn atlases is due to the familiarity of the anatomists with this structure in *ex vivo* preparations.

![Comparison of the *ex vivo* preparation (left) of Ludwig and Klingler^[@b16]^ (reproduced with kind permission from S. Karger AG, Basel) with 7.0-T gradient echo magnitude (upper right) and phase (lower right) MRI data. The laminar structure of the corpus callosum is clearly visible in the photograph and a similar pattern appears in the MR images.](bjr.20160906.g002){#f2}

It is now established beyond doubt that the increase in spin magnetization produced by higher static magnetic fields in MRI can give a corresponding increase in the signal-to-noise ratio (SNR) of the resulting images. This enables the use of considerably higher spatial resolution, giving scan times of under 10 min for 500 micron isotropic resolution with good SNR over an entire *in vivo* human brain. While much of the work to date has concentrated on newly important contrast mechanisms such as phase contrast,^[@b17]^ and the orientation of tissue relative to the applied field,^[@b19]^ images of animal brain^[@b20]^ and human brain^[@b21]^ have shown a spectacular gain in observable structural detail, such as cortical layers.^[@b22]^ Fine details such as the Virchow--Robin spaces can also be observed in the white matter.^[@b23]^ Such anatomical details have previously been observed easily only on *ex vivo* dissections.

Using Ultra High Field (UHF) MRI, we here demonstrate *in vivo* imaging of foliated structure of the CC, comprising sheets of transcallosal axons located roughly perpendicular to the superior and inferior surfaces of this structure. Two MRI methods were used, gradient echo and DTI.

Gradient echo imaging^[@b24]^ is, in a magnitude reconstruction, sensitive to the local inhomogeneity of the magnetic field, mainly caused by susceptibility differences between different structures or tissues. Particularly with UHF MRI, it has allowed extremely high-resolution images of the human brain to be acquired.^[@b25]^ In addition, information from the phase signal, which is sensitive to offsets in the magnetic field, has been used both as a way of delineating blood vessels such as veins^[@b26]^ and as a source of more general image contrast in itself.^[@b17],[@b18]^ From the latter, techniques to map the susceptibility of tissues have been developed.^[@b27]^

DTI^[@b28]^ is used routinely to investigate white matter fibre orientation. DTI models as a tensor the self-diffusion of water molecules in the white matter. In white matter bundles without crossing fibres, the primary eigenvector of this tensor has been shown to correspond well to axonal orientation. The CC meets this criterion. In the CC, the fractional anisotropy is very high, and the primary eigenvector runs transversely, as expected. It is generally believed that most of the water MRI signal giving signal in DTI comes from within axons. Since axons are roughly cylindrical, diffusion along the other two perpendicular directions, *i.e.* dorsal--ventral and anteroposterior, is expected to be similar.^[@b29]^

METHODS AND MATERIALS {#s2}
=====================

MR system
---------

A 7.0-T MRI system (Siemens Medical Solutions, Erlangen, Germany) was used with a 24-channel phased-array radiofrequency coil (Nova Medical, Wilmington, MA) This system has a maximum gradient strength of 70mT m^−1^ with slew rate 200mT m^−1^ s.

Subjects
--------

The data of eight healthy subjects (three males and five females, 20--29 years) were acquired after signed written consent.

Three-dimensional Fast Low Angle Shot (FLASH) images
----------------------------------------------------

### Data acquisition

*T*~2~\* weighted images were acquired. A fully flow compensated three-dimensional spoiled gradient echo sequence was used. Image resolution was set to 0.5 mm isotropic, matrix size 336 (phase) × 384 (read) with 72 slices (12 % oversampling). A repetition time of 42 ms, echo time = 25 ms and a flip angle of 12° were used. The acquisition bandwidth was set to 50 Hz/pixel. The total imaging time was 18 min 51 s.

### Data processing

The magnitude images were not processed further. However, unprocessed phase images suffer from aliasing owing to the background field inhomogeneities, and therefore these low-spatial frequency variations need to be removed. For this study, processing consisted of first a convolution of the complex data with a Gaussian kernel. The raw complex data were then divided by this convolved version and the phase was then computed. Two kernel sizes of 10 and 20 pixels full width at half maximum (FWHM) were used for comparison of the quality of the resulting images. The final result is a high-pass filtered phase image, preserving anatomical detail.

### Image grading

In order to judge the visibility of these structures, as well as the relative benefit of the two kernel sizes, two scorers rated the data independently. The two scorers were PhD physicists with extensive experience in *in vivo* MRI, with over 20 years' experience in neurological MRI. For a given subject, all three versions (magnitude, phase with 10 pixel FWHM and phase with 20 pixel FWHM) were presented at the same time. The visibility of the apparent stripes within the CC was scored according to the following scheme, in which the term "half" is in reference to anteroposterior length of CC:

0---no visual signs of a fine structure

1---only visible in very limited region (less than half, only unilaterally)

2---visible in a limited region (more than half unilaterally or less than half bilaterally)

3---visible in a very extensive region (complete unilateral or more than half bilaterally)

4---completely visible bilaterally.

For each data set, all three sets of images were examined magnitude, *i.e. T*~2~\*, "phase10" (10 pixel FWHM processing) and "phase20" (20 pixel FWHM processing). Scorers were also asked to judge which of the three images they preferred, on the basis of observability of the striped pattern in the CC, for a given subject.

Diffusion tensor images
-----------------------

### Data acquisition

The sequence used a stimulated echo with fat suppression. The diffusion-weighting scheme used a *b*-value of 75 s/mm^2^ in 60 directions with 1 repetition, as well as a *b*-value of 1500 s mm^−2^ in 60 directions with 3 repetitions. 30 slices (field of view 200 × 200 mm, matrix size 144 × 144, slice thickness 1.4 mm) were acquired using an echoplanar imaging readout, repetition time = 6 s, echo time = 42 ms, delta = 110.5 ms, parallel imaging (iPAT) factor 3 for a total of roughly 24 min of scanning. The acquisition bandwidth was set to 1530 Hz/pixel.

### Diffusion tensor imaging processing

Data were corrected for motion using the FLIRT algorithm and FSL tools (<http://www.fmrib.ox.ac.uk/fsl/>) followed by noise correction^[@b30]^ and calculation of the diffusion tensor. As will be discussed in the results section, only the second eigenvector is of further interest in this study. The orientation of the second eigenvector was then spatially mapped, to investigate its correlation with local brain structure. Owing to apparently corrupt data, one data set could not be analyzed; so, only the DTI data from seven subjects are presented.

### Analysis of lamina orientation

In order to compare the data between subjects, 3 × 3 × 3 pixel volumes of interest (VOIs) were selected in three regions of the CC, one posterior (*i.e.* centred in the splenium), one anterior (*i.e.* centred in the genu) and one at the midpoint. The midpoint VOI was centred in the anteroposterior direction at a point halfway between the anterior and exterior extents (along the midline) of the CC and in the inferosuperior direction at a point between the upper and lower surfaces. The average vector was then calculated for each subject in each of the three positions.

Since the main structure observed in both *T*~2~\* images and second eigenvector DTI is a radially oriented laminar structure in the sagittal plane, the initial analysis consisted of the calculation of the deviation of the DTI vectors from an superoinferior direction. In order to normalize for individual head position, the angular difference between the middle VOI and either the anterior or posterior VOIs was calculated and compared.

RESULTS {#s3}
=======

The high-resolution three-dimensional, *T*~2~\* weighted as well as phase images indeed show the CC not as a homogeneous white matter body, but also reveal "stripes" along the callosal body that have a distinct similarity to the laminar structures seen in *ex vivo* preparations ([Figure 2](#f2){ref-type="fig"}). In the gradient echo images ([Figure 3](#f3){ref-type="fig"}), the stripes show alternating higher and lower intensity, suggesting localized changes in water concentration or *T*~2~\*. In axial view ([Figure 3b,e](#f3){ref-type="fig"}), these stripes extend left to right along the axonal direction, whereas in the sagittal view they span the CC, running perpendicular to its dorsal and ventral surfaces ([Figure 3c,f](#f3){ref-type="fig"}). Since the stripes do not lie along the intersection of the orthogonal imaging planes, they themselves must represent planar structures. By this argument, their shape cannot easily be attributed to simple linear structures, as one might expect from isolated blood vessels. While in principle, a collection of small (below the imaging resolution) blood vessels, packed tightly in a plane, could create such a pattern, this would seem unlikely, especially owing to lack of appearance of the necessary supplying or draining blood vessels. In addition, the diffusion encoding of the DTI data should be sufficient to fully crush the signal from moving blood, and so it should not be contributing to the DTI data. Even if such an arrangement of blood vessels were to exist, then this would result in planar spaces between the planes of blood vessels. In the end, the appearance is best explained as arising from quasi-two-dimensional planar structures forming septa that separate planes of axons passing transversely across the CC.

![From left to right, magnitude, "phase10" and "phase20" images from a gradient echo acquisition, with, from top to bottom, sagittal, axial and coronal views through the three-dimensional data set. Of note is the striped appearance of the corpus callosum on the sagittal and axial views (arrows). FWHM, full width at half maximum.](bjr.20160906.g003){#f3}

The visibility of these stripes was assessed by taking the median values of the ratings, resulting in values of 2.5 (magnitude), 4 ("phase10") and 3 ("phase20"). Graders generally preferred the "phase10" images (in all cases except one in which one reviewer preferred "phase20"). This result suggests that this structure could be seen in an extensive region (complete unilateral or more than half bilaterally) regardless of the type of image.

As a distinct method to confirm this apparent structure, we examined the DTI data from the CC. Owing to the strong dominance of the primary eigenvector in the left--right direction, if there were no planar structure the second eigenvector would have no preferential orientation. It also follows that the third eigenvector provides no further information, since it is by definition orthogonal to both the first and second. On this basis, maps of the second eigenvector were examined for apparent structure, particularly in the sagittal plane ([Figure 4](#f4){ref-type="fig"}). These data show, remarkably, that diffusion in the anteroposterior direction is markedly more hindered than in the dorsal--ventral direction. In addition, the data show that the second and third eigenvectors are not of similar magnitude, which would result in a random orientation of these vectors. This directional bias cannot be attributed to water molecules within the cylindrically symmetric axons. It can arise only from tissue water occupying some other asymmetric, oriented structures present in the CC.

![Sagittal view of the second eigenvector of diffusion tensor imaging data: of note is the radial pattern in the corpus callosum, matching that seen in the structural images. Since the primary diffusion direction is known to follow the axons that run between the hemispheres, *i.e.* through the plane of the image, this indicates that there must be planar structures. In addition, the third eigenvector provides no additional information, as it will be perpendicular to the first and second, and so is effectively this same image with the vectors rotated by 90 degrees.](bjr.20160906.g004){#f4}

It is important to note here that what is being examined is the second eigenvector, and not the first eigenvector. The fanning out of the nerve fibre bundles as they exit the CC might be thought to cause a similar pattern to be shown in a projection of the first eigenvectors onto the sagittal plane. However, since we are looking at the second (and not at a projection of the first) eigenvector, this cannot explain the result.

To give a measure of comparison between subjects, the calculated angular differences from midpoint to genu and from midpoint to splenium are presented in [Table 1](#t1){ref-type="table"}. To measure statistical significance, the data were subjected to a non-parametric permutation analysis with the null hypothesis that there was no difference in measured angle between the midpoint and genu or---separately---between midpoint and splenium. 10,000 permutations of the values were used in each case. The observed results were then compared with these distributions in order to generate *p*-values. The data show that the second eigenvectors are significantly inclined in the genu (*p* = 0.031) and splenium (*p* = 0.046) compared with those at the midpoint. This is to such an extent as to be nearly perpendicular compared with the data from the midpoint.

###### 

Analysis of diffusion tensor imaging second eigenvectors in the sagittal plane

  Subject    Midpoint--genu angle (degrees)   Midpoint--splenium angle (degrees)
  --------- -------------------------------- ------------------------------------
  1                        94                                −52
  2                        99                                −79
  3                        55                                −76
  4                        94                                −123
  5                       128                                −55
  6                        81                                −74
  7                       124                                −110
  Average             96.4 ± 24.9                        −81.3 ± 26.5

3 × 3 × 3 pixel volumes of interest were averaged as described in the text. A non-parametric permutation analysis showed that the second eigenvectors are significantly inclined in the genu (*p* = 0.031) and splenium (*p* = 0.046) compared with those at the midpoint.

DISCUSSION {#s4}
==========

This is the first reported investigation of the small-scale modular septated structure of CC in living adult human brain. These structures are easily visible in high-field, high-resolution MR images and have confirmatory evidence from DTI. The knowledge and ability to directly image this structure, even without significant post-processing, is potentially relevant to a variety of studies, including brain development, large-scale white matter structure and structural--functional correlations of callosal regions. In addition, the DTI results give insights into the role of extra-axonal water. Clinically, the ability to visualize this fine structure enables measurement of its properties (integrity of folia, changes in folia dimensions etc.) and their relationship with disease and disease progression.

This asymmetry in the second and third eigenvectors has previously been noted.^[@b31],[@b32]^ Atkinson et al^[@b33]^ have previously used this information to also attribute a ribbon-like structure to the CC, as well as to reference an apparent directional structure in the electron micrographs published by Aboitiz et al.^[@b34]^ However, it would appear that this suggested structure has not been widely recognized in the field, and it can be hoped that the additional verification that the 7.0-T MRI brings to this will help to spread this concept.

Brain development
-----------------

The work by Jovanov-Milosevic et al^[@b1],[@b2]^ clearly demonstrates the existence of septa within the prenatal brain. This modular organization of the CC is undoubtedly crucial in brain development.^[@b35]^ The glial matrix acts to guide axonal fibres to their destinations. While this matrix is believed to vanish with later development, within the CC traces of this matrix appear to persist into adulthood and may provide the MR contrast pattern reported here. It is unclear whether this pattern is actually some vestige of the glial matrix which is organizing the nerve fibres into sheets, or simply a remaining organization of the fibres after the matrix has vanished. The authors of this present work are not aware of any evidence from histology of such a remaining physical matrix, and so suggest the latter as the most likely explanation.

The CC has also been reported to develop through adulthood.^[@b3]--[@b6]^ The ability to examine the internal structure of the CC *in vivo* may thus provide additional measures to track these developments. While this might be considered a confound in this present study, the narrow age range of the subjects (less than a decade) combined with their ages (between 20 and 30 years, which is a relatively stable period in changes to CC anatomy)^[@b4]--[@b6]^ should minimize any age-related contribution to these data. In addition, some studies have shown differences in CC microstructure related to cognitive ability.^[@b36]^ If such microstructure differences are related to differences in laminar structure, such differences might be directly observable with techniques such as those used in this study.

Large-scale white matter structure
----------------------------------

In general, the regions of the cortex and their connections through regions of the CC show a similar geometrical arrangement, with anterior regions of the cortex connecting through anterior regions of the CC.^[@b37]--[@b39]^ This implies, and DTI tractography has shown, that there is relatively little cross-over of fibre bundles between the CC and cortical areas. It has been suggested theoretically that cortical connections are made most efficiently by means of sheet-like structures.^[@b40]^ The linear arrangement of ocular dominance columns^[@b41]^ also suggests a foliate packing arrangement of axons as the optic radiation arrives at the primary visual cortex. Recent work using advanced diffusion acquisition and analysis techniques has indicated that cortico--cortical pathways form in parallel sheets.^[@b42]^ This raises the interesting possibility that the laminar structure we have observed within the CC might persist all the way to the cortex. Further work would be needed to confirm this, possibly from more targeted MR examinations or with the use of the higher contrast and SNR expected from the next generation of MRI scanners with higher field strengths (*e.g.* 9.4 T, 10.5 T and 11.7 T). However, such confirmation will certainly be complicated by the frequent crossings of fibre tracts that do not traverse the CC.

Structural--functional correlations of callosal regions
-------------------------------------------------------

In general, the CC has no obvious internal anatomical landmarks. Even the features seen in this study show little variation along the CC. Many researchers have attempted to define subdivisions of the CC, based either on vertical partitions^[@b7],[@b39],[@b43]^ or on equal angular sectors relative to the callosal centroid.^[@b44]--[@b46]^ Interestingly, much of the work using DTI tractography^[@b7],[@b43]^ has used the vertical partition scheme, whereas the angular sector scheme has generally been used merely as a convenient method to parcellate the CC, but without a direct apparent anatomical basis. With the knowledge that the CC actually exhibits such an approximately angulated structure, additional insight can be obtained into the subdivisions of the CC. For instance, what Hofer and Frahm^[@b7]^ denoted as a fifth, most posterior segment is an area where the observed structure of the CC is effectively horizontal. If the septations that are present in prenatal development have a role in guiding fibres between similar cortical areas, it is thus unsurprising that an arbitrary vertical segmentation may result in regions containing fibre bundles from different regions. Referring to Figure 2 of this reference, it is clear that it would be more correct to divide the fifth segment into at least two if not three subsegments along a horizontal line, with parietal connections inferior to this line, occipital below and temporal lying along the line itself, resulting in a proposed new segmentation scheme ([Figure 5](#f5){ref-type="fig"}).

![Modification to the segmentation scheme of Hofer and Frahm^[@b7]^ (right), where the most posterior segment, V, can be divided into at least two if not three subsegments along a horizontal line, with parietal connections (VI) inferior to this line, occipital (V) below and temporal lying along the line itself, resulting in a proposed new segmentation scheme.](bjr.20160906.g005){#f5}

Thus, an additional prospect is the use of the observed foliation as a basis for parcellation of the CC. Because this structure can be visualized *in vivo*, it could be incorporated into parcellation strategies based on a particular individual anatomy, rather than arbitrary vertical or angular partitions. Furthermore, the foliation might be useful as a powerful constraint on MR tractography of transcallosal fibre bundles.

Axonal diameter mapping and dispersion
--------------------------------------

A growing field of work is the attempts to map axonal diameters.^[@b8]--[@b10]^ Recently, attempts have been made to correctly account for directional dispersion during such studies.^[@b47]^ In such studies, the possible dispersion is usually considered as being cylindrically symmetric. This leads to a possible conflict of such models with the laminar structure observed. It is possible, however, that the spatial scales of the laminar structures and the axonal dispersion are sufficiently different that, on a local scale, a cylindrical model is indeed appropriate. Further study is clearly necessary to determine whether these laminar structures have an impact on axonal diameter mapping methods.

Role of non-axonal water in diffusion tensor imaging
----------------------------------------------------

This work also provides evidence of the important contribution of non-axonal water to DTI data, presumably mostly located within glial cells. Prior to this study, diffusion MRI measurements in white matter so far have been concerned with fibre orientation, fibre density and primary diffusion direction. However, it appears that additional structural information may be inferred from DTI data. Further work is required to examine such contributions.

Limitations
-----------

While it is clear from these results that 7.0-T MRI can provide image details that are starting to rival *ex vivo* preparations, some limitations do exist. First, at present, the availability of 7.0 T is limited, and at the time of writing no clinically certified systems exist, which limits the applicability in a hospital setting. This is set to change, however, as at least one manufacture has announced plans to deliver certified 7.0-T systems in 2017. Secondly, while this study has observed the stripes over a significant portion of the CC, they are not always observed over the entire length. Further optimization of the imaging parameters may help resolve this, or perhaps a change to yet higher field systems (*e.g.* 9.4-T, 10.5-T or the planned 11.7-T systems). Third, a high image resolution is required to observe this pattern, which might be problematic in patient populations where subject motion compliance may be limiting.

CONCLUSION {#s5}
==========

The use of cutting edge MRI techniques, such as the high-resolution gradient echo imaging at 7.0 T and DTI data presented here, has been shown to enable the *in vivo* study of structure within the CC that has only been seen hitherto in *ex vivo* and histological studies. The ability to directly visualize such structures *in vivo* has significant potential to advance research into several aspects of normal and pathological brain architecture.
